The interest in, and the need for effective measures to be used in screening, diagnosis, and the follow-up of skeletal pathologies is growing markedly. This paper proposes a completely new and non-invasive technique allowing the study of the human tibia bone marrow (BM) haemodynamics with a time resolution of 1 s. The technique, based on near infrared spectroscopy, is sensitive enough to allow the detection of BM blood volume and/or oxygen saturation changes during orthostatic variations imposed by a tilt bed. An increase in the slope of the bed of 15°is sufficient to detect this phenomenon. The ability to study the possible presence of a neural control of BM haemodynamics is also discussed. No other existing technique currently allows one to obtain the proposed results and this approach might open up a new field of study related to human BM physiology.
Introduction
The importance of the skeleton has been increasingly emphasized in the past ten years as its role as an efficient feedback-controlled/steady-state system that continuously integrates mechanical, biochemical, and nervous signals has become increasingly understood (de Vernejoul, 2001; Harada and Rodan, 2003; Karsenty, 2003) . This means that phenomena such as for example mechanical stress (Turner and Robling, 2004) or blood flow (Laroche, 2002) , etc. may be involved in bone formation and resorption and hence in the maintenance of bone homeostasis. Thus, the interest in, and the need for effective monitoring techniques that can be used in screening, diagnosis, and the follow-up of skeletal pathologies or in the general investigation of human skeletal biology has grown markedly. The classical tools utilised by scientists and/or clinicians are mainly based on ionizing radiation e.g. X ray, CT, DEXA, PET, etc, or on magnetic resonance and ultrasound. All these techniques are extremely useful but they are often unable to easily measure some key physiological parameters such as the bone marrow haemodynamics and/or its energy metabolism. This is because the parameters may not be measurable at all by the technique, or it may be clinically impracticable or because the time course of the physiological changes cannot be followed. Haemodynamics and energy metabolism are intimately related to bone formation and resorption mechanisms i.e., the ultimate goal of the skeletal system. The present project uses a photonic based technology, in vivo near infrared spectroscopy (NIRS), to overcome some of these problems by monitoring changes in the concentration of oxy (DHbO 2 ) and deoxy (DHb) haemoglobin and water (DH 2 O) through their different optical absorption spectra (Wray et al., 1988; Matcher and Cooper, 1994) . Other absorbing chromophores (e.g., cytochrome oxidase and lipid are not considered here since their concentration is unlikely to change in response to the challenges in this study (see later). This technique allows one to, non-invasively, "look inside" the human bone marrow and provides a new way to investigate the neuro/physiological control of its haemodynamics (since bone marrow, like any human tissue has a vascular tree) and its energy metabolism. Given that NIRS is a simple non-invasive technique that can be used at the bedside, the experimental time and the repeatibility is limited only by the "patience" of the subject under investigation. The NIRS technique itself makes individual measurements in less than a second. The analysis of the bone marrow is made it possible by the fact that human tissues, bone included (Firbank et , 1997; Binzoni et al., 2002; Xu et al., 2002; Pifferi et al., 2004; Ugryumova et al., 2004) , are relatively transparent to near infrared light, in the "biological window" between ϳ700 to ϳ1000 nm (i.e., wavelengths contained in the spectrum from a normal tungsten filament light). The relative transparency of bone has recently led to some preliminary imaging of the human finger (Xu et al., 2002) and has the potential for development of a method for the long term monitoring of ostheoporosis (Takeuchi et al., 1997; Pifferi et al., 2004; Ugryumova et al., 2004 ). The present work shows one possible new application of NIRS to the study of human bone marrow i.e., the monitoring of the changes in volume and/or oxygenation changes in human bone marrow in response to orthostatic stress.
Material and Methods

Subjects
Studies were conducted on six healthy and non-smoking subjects aged 34.3Ϯ3.1 (SD) yr (body wt 74.0Ϯ8.0 Kg, height 177.0Ϯ3.0 cm). The protocol was approved by the human ethics committee of the Department of Medicine, University Hospital of Geneva.
Protocol
The subjects were placed on a automated tilt table (HESS, Dübendorf, Switzerland), secured in a supine position, and invited to relax during the whole protocol. Bone marrow oxyhaemoglobin (DHbO 2 ), deoxyhaemoglobin (DHb) and water (DH 2 O) concentration changes were continuously monitored non-invasively by NIRS, at the tibia level, during a head-up tilt from aϭϪ10 to 0, 15, 30, 45, 60 and 75°and then back to Ϫ10, 75 and Ϫ10°(see icon on Fig. 1 ). The positions were maintained for 5 (baseline), 2, 2, 2, 2, 2, 2, 10, 15, and 5 min, respectively.
Haemoglobin and deoxyhaemoglobin concentration changes
A CCD based near infrared spectrometer was used in this study (Cope et al., 1989) . Light coming from a stabilized tungsten halogen light source (Oriel 77501, Stratford CT, USA) was conveyed to the medial surface of the tibia (see below) using a fibre optic bundle. Transmitted light was collected through a second fibre bundle and focused onto the entry slit of a spectrograph (Spex 270 M, Instrument SA Group, Edison, NJ, USA). Spectra with a resolution of 0.31 nm/pixel were acquired between 685.56 and 1008.12 nm on to a cooled CCD camera (Wright Instruments, Enfield, London, UK), and the resulting spectra were stored on a PC. The sampling time for one spectrum was 1 s. Figure 1 illustrates the measured spectral shape and the typical changes observed during the protocol. Changes in concentration of HbO 2 and Hb were obtained by fitting changes in the attenuation spectra to the absorption spectra of the chromophores, (note that this simple version of the NIRS technique does not allow one to measure absolute concentrations). To summarise the procedure, the attenuation spectra (A n ) were obtained by using the first spectrum (I 1 ) of the time series (I n ) as a reference spectrum, i.e.:
where n corresponds to the n th spectrum and l is the wavelength. Specific absorption spectra of Hb and HbO 2 were utilized as a model to fit each A n . In the present protocol, fat, cytochrome oxidase and bone minerals and collagen may be reasonably considered as constant and thus they do not appear among the model spectra. It is also demontrated (see below) that H 2 O concentration does not change thus the fitting may finally be performed by only using Hb and HbO 2 . The wavelength fitting range used was 700-800 nm. Total haemoglobin changes were expressed as:DHb tot ϭDHbO 2 ϩ DHb. The computed concentrations changes are expressed in mM cm because the light pathlength is not known (to be precise, the concentration is given per unit volume of sampled tissue, expressed in litres, per cm). Thus, for present purposes, they are presented as percentage changes (%). In accordance with the method proposed by Matcher et al. (1993) and Matcher and Cooper (1994) , the values for DH 2 O were computed by fitting the second derivative, (d 2 /dl 2 )A n (l), of the measured absorption spectra with the second derivative of the specific absorption spectra of Hb, HbO 2 and H 2 O. In this case the fitting range was 810-880 nm (Matcher et al., 1993; Matcher and Cooper, 1994) . Over this wavelength range water manifests a significant absorption feature and this improves considerably the precision of its estimation. The use of the second derivative allows one to eliminate some of the other optical artifacts produced by the water itself and tissue scattering properties. These artifacts manifest themselves in the NIR spectra as an arbitrary DC baseline shift (scattering losses plus unknown absolute photometry) and a quasi-linear background due to the wavelength-dependent scattering losses (Matcher et al., 1993; Matcher and Cooper, 1994) and thus introduce errors in the estimated DHb and DHbO 2 values (Binzoni et al., 2003b) . In these studies, using this analysis we observed no statistically significant changes in DH 2 O during the protocol. This is the reason why it has been possible to compute DHb and DHbO 2 without the inclusion of H 2 O as a model spectrum (see above). This obviously also improves the precision of the fitting.
During the whole protocol the optodes coming from the NIR spectrophotometer were positioned on the medial surface of the tibia at the half distance between the malleolus medialis and the condylus medialis tibiae. To allow the sampling of the bone marrow by NIRS, the interoptode spacing was set to 3 cm (Binzoni et al., 2002) . Due to the diffusive properties of the light in the tissues this distance allows light to interrogate tissues down to a depth of ϳ1.5 cm i.e, to reach the bone marrow. The optodes were covered with a black cloth to eliminate any possible influence of the natural laboratory illumination.
Intravascular Pressure
The intravascular pressure (P; mmHg) at the site of the NIRS measurements was taken as equivalent to the pressure of the blood column length (l) extending from the intersection of the midaxillary line with the horizontal plane through the upper border of the fourth chondromanubrial junction to the center of the optodes multiplied by sin (a) (Ludbrook and Loughlin, 1964) , i.e.:
where rϭ1,060 kg m Ϫ3 is the mass density of blood (Duck, 1990) , and g is the acceleration of gravity. It must be noted that, to represent the data as a function of this computed pressure and not as a function of the tilting bed angle has the advantage of taking into account the different heights of the subjects.
Results
The DHb, DHbO 2 , and DHb tot concentration changes observed during the protocol are reported in Fig. 2 
Discussion
Non-smoking subjects were chosen for this present study since, it has been shown in animals (Feitelson et al., 2003) that nicotine significantly enhances vasoconstriction of the bone vasculature in response to norepinephrine. Since norepinephrine regulates basal bone flow, the effect of nicotine could lead to a chronic reduction in blood flow to bone and thus might bias the measurements also on bone marrow. After this consideration, what is immediately obvious from these results (Fig. 2) is the extreme sensitivity of the measurement technique (if we observe the responses from a single subject we obtain exactly the same time behaviour-data not reported here). In fact, it is possible to detect DHb tot bone marrow changes (reflecting vascular volume changes) due to small variations of only 15°. Thus, the observed global increase in DHb, DHbO 2 are due to the changes in vascular volume induced by the orthostatic manouvre. It must be noted that, to our knowledge, no other existing technique allows one to perform this kind of measurement (in humans or animals), even in an approximate way, and this is a unique result. DHb tot increases each time a is increased. However, DHb tot does not return to the original baseline value when a is brought back to Ϫ10°(5, 27 and 42 min). This means that the blood volume in the bone marrow has the tendency to remain "dilated" after the tilt at the higher angle although there may be a gradual return to baseline over a longer period. Whether this is a mechanical and/or a neuronal effect remains to be clarified. The values for DHb tot during the two aϭ75°periods (17 and 42 min) are different. This shift of ϳ20%, is less than the shift in the baseline of ϳ31% (see above). This probably means that the expansion of the blood vessels starts to be limited by their elastic properties or by the surrounding bone marrow tissue.
During the second more extended period at 75°, DHb and DHbO 2 both vary linearly as a function of time and if we do not take into account the difference in sign, the slopes are still statistically different. This means that DHb and DHbO 2 do not change perfectly as a "mirror image" (i.e. by the same amount but in the opposite directions). This explains the slight decrease in DHb tot during the same time period. Considering that during the protocol, the bone marrow metabolism should not change significantly (the subject is sustained by 3 support straps on the bed), the DHb and DHbO 2 behaviour may probably be explained by a continuous small decrease in flow/speed and hence increased oxygen extraction (Binzoni et al., 2003a) . This phenomenon has to be further investigated.
At this point it becomes extremely interesting to compare the present results to those obtained using exactly the same protocol but on a skeletal muscle (Binzoni et al., 2000) . In Fig.  3 we show DHb, DHbO 2 , and DHb tot values at 5, 7, 9, 11, 13 and 15 min from the present study and the corresponding gastrocnemious medialis values extracted from Binzoni et al. (2000) . To allow the comparisons, the a values have been expressed in equivalent pressure units using equation (2) and all the data appears as a percent of DHb tot at 75°as shown above in the text. The most noticeable point is that in bone marrow the largest changes are observed in DHbO 2 , whereas for the skeletal muscle the largest changes are in DHb. This may be explained by the fact that the metabolism of tibia bone marrow (mainly composed of fat, for a subject mean age of ϳ34 yr) is lower than muscle basal metabolism. In fact, it has been observed that average tissue blood oxygen saturation is also higher in bone marrow than in skeletal muscle (Binzoni et al., 2003b) and thus the DHbO 2 percentage changes must be by definition higher in bone marrow.
Considering that DHb tot changes mainly occur in the venous circulation, this explains the finding shown in Fig. 3 . The vertical dotted line appearing in Fig. 3 represents the pressure at which a venous-arteriolar reflex (Gaskell and Burton, 1953; Yamada and Burton, 1954; Burton, 1965; Henriksen et al., 1983; Henriksen, 1991; Okazaki et al., 2005) occurs in the muscle during a protocol similar to the present (Binzoni et al., 2000) (the same line has also been drawn in the bone marrow figures). At this point a sudden change in blood flow/speed induces a sudden variation in DHb, DHbO 2 concentration values (and hence a change in the oxygen extraction as explained above). This is visible in Fig. 3 by looking at the slope of DHb and DHbO 2 as a function of pressure. This phenomenon (in muscle) has been confirmed by direct blood flow measurement (Binzoni et al., 2003c) . If one looks at the bone marrow data, it seems that an analogous behaviour is present but is less prononced. It will be a matter for further study to understand if in bone this is simply a mechanical effect or if a real neural control is the cause. In attempting to account in an intuitive way for the mechanisms that may explain the DHbO 2 (or DHb) behaviour as a function of the tilting bed angle we can consider two simplified situations: 1) During the tilt one has only volume changes occurring in the venous side (i.e. a purely "mechanical response"); 2) During the tilt one has a volume change in the venous side (as in point 1) but in addition a sudden vasoconstriction (e.g. a decrease in blood flow/speed through a constriction of pre-capillary sphincters) which occurs at a given angle and is maintained for angles greater than this. In both cases the metabolic activity of the tissue does not change during the tilt manoeuvre and thus the oxygen consumption (i.e. the number of oxygen molecules utilized by a unit tissue volume per unit time) remains the same. Thus, in the first case, the oxygen saturation of the blood entering the venous side, remains constant during the tilting manoeuvre, since with the flow remaining constant there is no change in oxygen extraction. This means that in this case, one fills a volume that becomes greater and greater (due to the tilt) with blood that always has the same DHbO 2 : DHb ratio and the result is a continuous and smooth increase in for example DHbO 2 . Now, if suddenly we have a vasocontriction that slows down the blood flow/speed (which is situation 2), then blood will spend more time in the capillaries and more oxygen molecules will be extracted from the same quantity of blood before it reaches the venous side. The consequence of this is that the blood filling the increasing volume in the venous side will contain less HbO 2 (or of course more Hb) and thus although the DHbO 2 will always increase as a funtion of the volume changes, the slope of its rise will be a smaller (and greater for DHb). This is intuitively the reason why the DHbO 2 and DHb tracings in Fig. 3 show a sudden bend.
In conclusion, the aim of the present work was to show a completely new approach to the non invasive study of human bone marrow haemodynamics and/or metabolism. We have demonstrated that NIRS allows the non-invasive monitoring of blood volume and oxygenation changes with a time resolution of 1 s. This will allow in the future the design of new protocols, for example "bone marrow plethysmography". Bone marrow plethysmography might be used to investigate the compliance of bone marrow vessels in pathological situations such as atherosclerosis or osteoporosis. (2000) for 6 subjects. Haemoglobin units are expressed as a percentage of DHb tot at the maximum P value (corresponding to a tilt bed angle of a Ϯ75°) independently for each tissue. The dotted lines define the mean P value for which a arterio-venous reflex is induced in the gastronemius medialis, producing a decrease in the mean tissue blood speed (Binzoni et al., 2000) .
